Introduction
============

Recently, studies have attached great importance for the effect of leucine on glucose-stimulated insulin secretion (GSIS) and intracellular insulin content in pancreatic β-cells \[[@b1]\]. However, up to now, the results from different research groups have been quite controversial. Yang and his colleagues demonstrated that leucine was able to enhance GSIS in pancreatic β-cells \[[@b1]\]. However Anello *et al.* reported that chronic leucine exposure impaired GSIS in a dose-dependent manner \[[@b3]\]. Moreover, the mechanism of leucine affecting insulin secretion and content has not been elucidated yet. Consequently, we aimed to investigate the effects of leucine on insulin secretion and content, also to explore the mechanism involved in the effects in rat insulinoma β-cells.

AMP-activated protein kinase (AMPK) acts as a cellular energy regulator activated by increased intracellular AMP-to-ATP ratio \[[@b4]\]. GSIS from β-cells is directly related with the generation of metabolic intermediates; therefore, AMPK is deemed as an attractive candidate for control of insulin secretion and content \[[@b6]\]. Many studies have reported that high glucose or fatty acid could change insulin secretion by controlling AMPK activity in pancreatic β-cells \[[@b7]\]. However, fewer studies pay attention to AMPK activity changes under chronic leucine exposure. Du and his colleagues reported that leucine stimulated mammalian target of rapamycin signalling by inhibition of AMPK activity \[[@b11]\], which suggested a possible association between leucine and AMPK.

Glucokinase (GCK), an enzyme phosphorylating glucose to glucose-6-phosphate, acts as a glucose sensor and regulates insulin secretion \[[@b12]\]. GLUT2 is an important component for insulin secretion as well \[[@b15]\]. Tiedge and Lenzen reported in their studies that the concordant regulation of GCK and GLUT2 genes might represent the basis regulation of GSIS \[[@b17]\]. In 2006, Yang *et al.* firstly reported that leucine culture altered GCK expression in INS-1 cells, rat islets and human islets, moreover, GCK contributed tight control of insulin secretion \[[@b1]\].

Though AMPK, GCK and GLUT2 were separately reported to be associated with insulin secretion, the relationship between them under leucine exposure remains unclear. Kim *et al.* demonstrated that AMPK could regulate GCK and GLUT2 expression at high glucose concentration \[[@b18]\]. On the basis of these reports, we supposed that chronic leucine exposure might influence insulin secretion and content by altering AMPK, GCK and GLUT2 expression, and there might be a regulatory relationship between AMPK, GCK and GLUT2 at high leucine concentrations. In addition, how AMPK regulates GCK or GLUT2 was worthy of being investigated.

Numerous studies *in vitro* and *in vivo* have demonstrated that chronic exposure to glucose or fatty acid is able to suppress pancreatic/duodenal homeobox-1 (PDX-1) expression, leading to decreased insulin secretion \[[@b19]\]. The role of PDX-1 in pancreatic β-cell insulin secretion \[[@b23]\] derives from its effect on transactivating the expression of insulin and other β-cell-specific genes, such as GCK and GLUT2 \[[@b26]\]. This promoted us to speculate that PDX-1 might be the bridge between AMPK and GCK or GLUT2.

Collectively, from these findings, we suggested that there might be a regulatory link between AMPK and PDX-1 in pancreatic β-cells exposed to leucine, in turn to affect insulin secretion and content. To test the hypothesis, we firstly examined if the regulation existed under relative physiological condition. Then, we tested the effects of elevated concentrations of leucine on insulin secretion, insulin content and the protein expression of p-AMPK, PDX-1, GCK and GLUT2. Finally, we investigated if chronic leucine exposure influenced insulin secretion and content associated with the assumed regulation (AMPK regulates GCK and GLUT2 *via* PDX-1).

Research design and methods
===========================

Cell culture and treatment
--------------------------

Rat insulinoma (RIN) cell lines, INS-1 and RIN m5F cells (passage 20--40) were grown in monolayer culture in Roswell Park Memorial Institute (RPMI) 1640 medium (without glutamine) containing 11.1 mM glucose supplemented with 10 mM HEPES, 10% (v/v) foetal bovine serum (Invitrogen, NY USA), 1 mM sodium pyruvate, 50 μM β-mercaptoethanol, 100 IU/ml penicillin and 100 μg/ml streptomycin at 37°C in an humidified atmosphere with 5% CO~2~ and 95% air \[[@b28]\]. The cells were split weekly and the medium was changed twice weekly. For the present study, INS-1 and RIN m5F cells were cultured in RPMI 1640 medium treated with either 0.5 mM AICAR \[[@b31]\], a widely used AMPK agonist (Toronto Research Chemicals, CA, USA), or 10 μM compound C, a AMPK antagonist (Calbiochem, San Diego, CA, USA), or supplemented with or without elevated concentrations of leucine (10, 20 or 40 mM) (Sigma, St Louis, MO, USA), for 48 hrs. Leucine was dissolved in RPMI 1640 medium and AICAR was directly dissolved in water.

INS-1 stable cell lines, DN-PDX-1\#28 and PDX-1\#6 cells (donated by Prof. Haiyan Wang, University Medical Center, Geneva, Switzerland) were cultured in RPMI 1640 medium supplemented with 100 μg/ml hygromycin and 100 μg/ml G418 (Sigma) \[[@b21]\]. The first-step stable clones were INS-1 rαβ and INS-1rβ. Plasmids used in the secondary stable transfection were constructed by subcloning the cDNAs encoding the mouse Pdx1 and its dominant-negative mutant (DN-PDX-1) into the expression vector PUHD10--3 \[[@b32]\]. DN-PDX-1\#28 cells with 500 ng/ml doxycycline (Sigma) treatment allow absent expression of wide-type PDX-1, but they can result in inducible expression of DN-PDX-1 (lacking the N-terminal 79 amino acids); on the other hand, PDX-1\#6 cells with doxycycline treatment can lead to inducible overexpression of wide-type PDX-1 \[[@b33]\]. In the study, the cells were firstly treated with or without 500 ng/ml doxycycline for the indicated time (24, 48 and 72 hrs). Then, the cells were treated with either 0.5 mM AICAR or 10 μM compound C for 48 hrs.

Insulin secretion and insulin content assays
--------------------------------------------

INS-1 cells (1.5 × 10^5^/well) were firstly pre-cultured in 24-well plates in standard medium for 24 hrs, and then were treated with either 0.5 mM AICAR or 10 μM compound C, supplemented with or without elevated concentrations of leucine (10, 20 or 40 mM) for 48 hrs. Secondly, all plates of cells were gently washed twice with pre-warmed phosphate-buffered saline (PBS) and incubated in pre-warmed Krebs-Ringer bicarbonate buffer (KRB) containing 3 mM glucose for 20 min. at 37°C. Thirdly, the buffer was removed and half of the plates (in each group) were cultured in KRB containing 3 mM glucose and the left half were incubated in KRB containing 27.8 mM glucose. After an additional 20 min. incubation at 37°C, aliquots of the media were collected from each well and stored at −20°C for subsequent insulin secretion test with an insulin radioimmunoassay kit (Beijing Atom HighTech Co. Ltd., Beijing, China). To measure total protein content, the cells were treated with lysis buffer containing 1 × PBS, 1% NP40, 0.1% SDS, 5 mM ethylenediaminetetraacetic acid, 0.5% sodium deoxycholate and 1 mM sodium orthovanadate (Shenneng Bo Cai Co. Ltd, Shanghai, China). Intracellular total protein concentration was determined with a bicinchoninic acid (BCA) protein assay kit (Bio-Rad, Hercules, CA, USA). Insulin secretion was normalized based on the corresponding protein in each group.

In addition, intracellular insulin contents were tested in INS-1 and RIN m5F cells, respectively. The cells were treated the same as in the insulin secretion section described. Five hundred microlitres of acid/ethanol (75% v/v ethanol, 1.5% v/v concentrated HCl) was added in each plate and incubated overnight \[[@b34]\]. The acid ethanol aliquots were used to measure insulin content with radioimmunoassay as described above. Total protein content was determined as described above. Insulin content was normalized based on the respective cellular protein in each group.

Cell counting kit-8 (CCK-8)
---------------------------

INS-1, RIN m5F, DN-PDX-1\#28 and PDX-1\#6 cells were seeded in 96-well plates at a density of 104 cells/well for 24 hrs. Then, they were treated with elevated concentrations of leucine (10, 20 or 40 mM) for 48 hrs. After that, 10 μl CCK-8 (Dojindo, Kumamoto, Japan) were added into each well and incubated for 4 hrs at 37°C in an humidified atmosphere with 5% CO2 and 95% air \[[@b35]\] The wavelength to measure absorbance of the formazan product was 450 nm and the reference wavelength was 600 nm.

Protein analysis by Western blotting
------------------------------------

The cultured INS-1, RIN m5F and DN-PDX-1\#28 cells were lysed using lysis buffer supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF). Then protein extracts (60 μg total protein for GCK/GLUT2 and 40 μg protein for PDX-1) were separated by SDS-PAGE and transferred onto nitrocellulose membranes (Millipore, Billerica, MA, USA). Membranes were gently shaked overnight at 4°C with 1:1000 p-AMPK antibody (Cell Signalling, Danvers, MA, USA), 1:10,000 PDX-1 antibody (Chemicon, Billerica, MA, USA), 1:200 GCK antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or 1:200 GLUT2 antibody (Santa Cruz Biotechnology). After the membranes were incubated with the corresponding second antibody at room temperature for 1 hr, proteins were visualized by enhanced chemiluminescence (Amersham Biosciences UK Limited, Little Chalfont, UK). The same membrane was re-blocked with 5% non-fat milk and incubated with mouse 1:10,000 β-actin monoclonal antibody (Abcam, Cambridge, UK). Immunoreactive bands were quantified by image analyzer Alphaimager 2200 (Alpha Innotech, San Leandro, CA, USA).

RNA isolation and real-time PCR
-------------------------------

Total RNA was isolated from INS-1, RIN m5F, DN-PDX-1\#28 and PDX-1\#6 cells (1 × 106 cells/ well) with TRIzol (Invitrogen Corp., Carlsbad, CA, USA) method. In brief, 3 μg RNA isolated from each sample was used as the template in each reverse transcription reaction to generate first-strand cDNA using oligo (dT)18 as primer according to Fermentas RT kit (Fermentas, Glen Burnie, MD, USA). The cDNA was amplified by real-time PCR \[[@b37]\] using a QuantiTect SYBR Green kit (TaKaRa, Otsu, Shiga, Japan) and the ABI 7500 Prism real-time PCR instrument and software (Prism 7500; Applied Biosystems Inc., Foster city, CA, USA). All quantifications were performed with rat β-actin as an internal. Primer sequences used in the PCR are provided in [Table 1](#tbl1){ref-type="table"}. The PCR was performed for 40 cycles at 95°C for 15 sec., 60°C for 30 sec. and 72°C for 34 sec. The relative quantification of gene expression was analyzed by the 2^−ΔΔCt^ method \[[@b38]\] and the results were expressed as extent of change with respect to control values.

###### 

Sequence information on the primers used for real-time PCR

  **Genes**   **Sequences**                                               **Products size (bp)**   **Annealing temperature (C)**   **Gene bank**
  ----------- ----------------------------------------------------------- ------------------------ ------------------------------- ---------------
  PDX-1       5′-AAACGCCACACACCAAGGAGAA-3′ 5′-AGACCTGGCGGTTCACATG-3′      150                      60                              NM_022852
  GCK         5′-GCTTTTGAGACCCGTTTCGT-3′ 5′-CGCACAATGTCGCAGTCG-3′         119                      60                              NMJD12565
  GLUT2       5′-CAGCTGTCTCTGTGCTGCTTGT-3′ 5′-GCCGTCATGCTCACATAACTCA-3′   150                      60                              NM_012879
  ACTIN       5′-CGCATCCTCTTCCTCCCTG-3′ 5′-GCCACAGGATTCCATACCCA-3′        130                      60                              NM_031144

Statistical analysis
--------------------

All of the experiments were repeated at least three independent times. All values are given as mean ± S.D. Data were analyzed using SPSS 11.5 software (SPSS, Inc., Chicago, IL, USA). Statistical significance was assessed by one-way [anova.]{.smallcaps} The difference was considered significant if the *P*-value was less than 0.05.

Results
=======

The effects of AICAR or compound C in INS-1 and RIN m5F cells
-------------------------------------------------------------

To test the regulatory role of AMPK on PDX-1, GCK and GLUT2, INS-1 and RIN m5F cells were cultured with or without 0.5 mM AICAR or 10 μM compound C for 48 hrs. We firstly performed radioimmunoassay for insulin secretion and content detection. The results showed that in contrast to control, AICAR treatment decreased GSIS at high glucose by 29% ([Fig. 1A](#fig01){ref-type="fig"}, *P* \< 0.05) and reduced the intracellular insulin content by 30% ([Fig. 1B](#fig01){ref-type="fig"}, *P* \< 0.05) in INS-1 cells. In RIN m5F cells, after 48 hrs of AICAR incubation, there is a 34% decrease in the intracellular content compared with control ([Fig. 1B](#fig01){ref-type="fig"}, *P* \< 0.05). When AMPK activity was inhibited by compound C, the results were quite opposite. In comparison with the corresponding control, compound C treatment was able to enhance GSIS at high glucose by 17% in INS-1 cells ([Fig. 1A](#fig01){ref-type="fig"}, *P* \< 0.05) and the intracellular insulin content by 19% in INS-1 cells ([Fig. 1B](#fig01){ref-type="fig"}, *P* \< 0.05) and 25% in RIN m5F ([Fig. 1B](#fig01){ref-type="fig"}, *P* \< 0.05). However, neither AICAR nor compound C could affect the insulin secretion level at low glucose (3 mM) stimulation ([Fig. 1A](#fig01){ref-type="fig"}, *P* \> 0.05) in INS-1 cells. The results revealed that AMPK played an important role in manipulating high glucose-induced insulin secretion and intracellular insulin content.

![The effects of AICAR or compound C in β-cells. INS-1 and RIN m5F cells were cultured in RPMI 1640 with or without 0.5 mM AICAR or [10]{.smallcaps}μM compound C for 48 hrs. Insulin secretion (**A**) at 3 mM glucose (□) and 27.8 mM glucose (▪) in INS-1 cells and intracellular insulin content (**B**) in INS-1 cells and RIN m5F cells were determined by radioimmunoas-say. The values were normalized by the intracellular protein content. The effects of AICAR or compound C on PDX-1, GCK and GLUT2 protein expression was tested by Western blotting in INS-1 cells (**C**) and RIN m5F cells (**D**). The mRNA expression of PDX-1, GCK and GLUT2 in INS-1 cells (**E**) and RIN m5F cells (**F**) was tested by real-time PCR. The data are the means ± S.D. All the values were collected from at least three separate experiments. \*, \#, X and &, *P***\<** 0.05, *versus* the corresponding control group.](jcmm0013-0758-f1){#fig01}

Then, Western blotting and real-time PCR were used for p-AMPK, PDX-1, GCK and GLUT2 examination. In contrast to control, AICAR significantly strengthened the band of p-AMPK and weakened the bands of PDX-1 and its downstream targets, GCK and GLUT2 in INS-1 ([Fig. 1C](#fig01){ref-type="fig"}, *P* \< 0.05) and RIN m5F cells ([Fig. 1D](#fig01){ref-type="fig"}, *P* \< 0.05). Compared to the corresponding control, compound C obviously decreased AMPK activity and showed enhanced bands of PDX-1, GCK and GLUT2 in INS-1 ([Fig. 1C](#fig01){ref-type="fig"}, *P* \< 0.05) and RIN m5F cells ([Fig. 1D](#fig01){ref-type="fig"}, *P* \< 0.05). The results were confirmed by real-time PCR as well. Compared to the corresponding control, AICAR decreased PDX-1 mRNA levels by 38% and 31%, GCK mRNA levels by 21% and 57%, GLUT2 mRNA levels by 51% and 44% in INS-1 cells ([Fig. 1E](#fig01){ref-type="fig"}, *P* \< 0.05) and RIN m5F cells ([Fig. 1F](#fig01){ref-type="fig"}, *P* \< 0.05), respectively. In contrast to the corresponding control, compound C increased PDX-1 mRNA levels by 36% and 55%, GCK mRNA levels by 23% and 24%, GLUT2 mRNA levels by 30% and 40% in INS-1 ([Fig. 1E](#fig01){ref-type="fig"}, *P* \< 0.05) and RIN m5F cells ([Fig. 1F](#fig01){ref-type="fig"}, *P* \< 0.05), respectively.

The effects of AICAR or compound C in DN-PDX-1\#28 cells
--------------------------------------------------------

When DN-PDX-1\#28 cells were treated with or without 500 ng/ml doxycycline for 24, 48 and 72 hrs, our results revealed a time-dependent expression of PDX-1 protein in DN-PDX-1\#28 cells. Under non-induced condition (without 500 ng/ml doxycycline treatment), the PDX-1 protein expression showed a stained band and there was no significant difference between 24 and 48 or 72 hrs ([Fig. 2A](#fig02){ref-type="fig"}, *P* \> 0.05). Under induced condition (with 500 ng/ml doxycycline treatment), PDX-1 protein band became weaker with time extension; furthermore, the weakest bands occurred in cells treated with doxycycline for 72 hrs ([Fig. 2A](#fig02){ref-type="fig"}, *P* \< 0.05). Consistent with this, GLUT2 and GCK expression had the similar diminishing consequence with PDX-1 described above. Under non-induced condition for 24, 48 and 72 hrs, protein bands intensity of both GCK and GLUT2 presented no change ([Fig. 2B](#fig02){ref-type="fig"}, *P* \> 0.05). Under induced condition for 24, 48 and 72 hrs, there was parallel decrease in the protein expression of GCK and GLUT2 ([Fig. 2B](#fig02){ref-type="fig"}, *P* \< 0.05). The results suggested that PDX-1 performed its function well in the regulation of GCK and GLUT2.

![The effects of AICAR or compound C in DN-PDX-1\#28 cells. DN-PDX-1\#28 cells were treated with or without 500 ng/ml doxycycline for 24, 48 and 72 hrs. Western blotting was performed to detect the protein expression of PDX-1 (**A**), GCK and GLUT2 (**B**). The results were obtained from at least three independent experiments. \*, \# and X, *P***\<** 0.05, *versus* the corresponding control group.](jcmm0013-0758-f2){#fig02}

In order to confirm the function of PDX-1 in the process of AMPK regulating GCK and GLUT2, DN-PDX-1\#28 cells were pre-treated with or without 500 ng/ml doxycycline for 24 hrs prior to treatment with or without AICAR or compound C for a further 48 hrs. Radioimmunoassay, Western blotting and real-time PCR were performed for the detection. In comparison with control, doxycycline alone treatment obviously decreased high glucose-induced insulin secretion by 88% ([Fig. 3A1](#fig03){ref-type="fig"}, *P* \< 0.05), insulin content by 82% ([Fig. 3A2](#fig03){ref-type="fig"}, *P* \< 0.05), and compound C alone treatment significantly increased high glucose-induced insulin secretion by 17% ([Fig. 3A1](#fig03){ref-type="fig"}, *P* \< 0.05) and insulin content by 19% ([Fig. 3A2](#fig03){ref-type="fig"}, *P* \< 0.05). However, compared with doxycycline alone treatment, doxycycline plus compound C treatment could not significantly affect insulin secretion or content ([Fig. 3A](#fig03){ref-type="fig"}, *P* \> 0.05). With regard to p-AMPK, PDX-1, GCK and GLUT2 protein expression changes, under non-induced condition, AICAR or compound C had the same effects as those observed in INS-1 cells described in [Fig. 1C](#fig01){ref-type="fig"} or RIN m5F cells in [Fig. 1D](#fig01){ref-type="fig"} ([Fig. 3B](#fig03){ref-type="fig"}). However, under induced condition, p-AMPK protein expression had the same result as that under non-induced condition ([Fig. 3B](#fig03){ref-type="fig"}); with regard to PDX-1, GCK or GLUT2 protein expression, neither AICAR nor compound C could affect them ([Fig. 3B](#fig03){ref-type="fig"}, *P* \> 0.05). The results were confirmed by real-time PCR ([Fig. 3C](#fig03){ref-type="fig"}) as well.

![Neither AICAR nor compound C could affect GCK and GLUT2 expression when PDX-1 expression was absent. DN-PDX-1\#28 cells were pre-treated with or without 500 ng/ml doxycycline for 24 hrs prior to treatment with or without 0.5 mM AICAR or 10 μ[M]{.smallcaps} compound C for a further 48 hrs. Insulin secretion (**A**1) at 3 mM glucose (□) and 27.8 mM glucose (▪) and insulin content (**A**2) were determined by radioimmunoassay. The values were normalized by the intracellular protein content. The PDX-1, GCK and GLUT2 protein and mRNA expression were determined by Western blotting (**B**) and real-time PCR (**C**). The data are the means ± S.D. All results were collected from at least three separate experiments. \*, \#, X and &, *P***\<** 0.05, *versus* the corresponding control group. a, b and c, *P* \> 0.05, *versus* the doxycycline alone treatment group.](jcmm0013-0758-f3){#fig03}

The effects of elevated concentrations of leucine in INS-1 and RIN m5F cells
----------------------------------------------------------------------------

To obtain insight into the functional changes when exposed to elevated concentrations of leucine, INS-1 and RIN m5F cells were cultured with or without elevated levels of leucine for 48 hrs. The cells were then used to determine insulin secretion as well as intracellular insulin content. As shown in [Fig. 4A and B](#fig04){ref-type="fig"}, our results demonstrated that a 48-hr incubation with elevated concentrations of leucine led to a dose-dependent decrease of GSIS at high glucose in INS-1 cells and insulin content in both INS-1 and RIN m5F cells. In INS-1 cells, in comparison with control, 40 mM leucine exposure significantly decreased high glucose-induced insulin secretion by 34% ([Fig. 4A](#fig04){ref-type="fig"}, *P* \< 0.05) and diminished the intracellular insulin content by 24% ([Fig. 4B](#fig04){ref-type="fig"}, *P* \< 0.05), respectively, and there was not apparent change in insulin secretion induced by low glucose stimulation in INS-1 cells ([Fig. 4A](#fig04){ref-type="fig"}, *P* \> 0.05). There was no difference in insulin secretion at both low and high glucose stimulation between control and either 10 mM or 20 mM leucine treatment ([Fig. 4A](#fig04){ref-type="fig"}, *P* \> 0.05), and the same results occurred in insulin content as well in INS-1 cells ([Fig. 4B](#fig04){ref-type="fig"}, *P* \> 0.05). With regard to RIN m5F cells, the insulin content presented the same trend as in INS-1 cells, 40 mM leucine diminished the intracellular insulin content by 24% ([Fig. 4B](#fig04){ref-type="fig"}, *P* \< 0.05) in contrast to its control. Western blotting and real-time PCR were performed for p-AMPK, PDX-1, GCK and GLUT2 detection. In contrast to control, 40 mM leucine exposure significantly enhanced p-AMPK protein expression in INS-1 cells ([Fig. 4C](#fig04){ref-type="fig"}, *P* \< 0.05) and RIN m5F cells ([Fig. 4D](#fig04){ref-type="fig"}, *P* \< 0.05). The protein levels of PDX-1 and its downstream targets, GCK and GLUT2 in 40 mM leucine-treated cells were much lower than those in cells that were cultured in leucine-absent media in INS-1 cells ([Fig. 4C](#fig04){ref-type="fig"}, *P* \< 0.05) and RIN m5F cells ([Fig. 4D](#fig04){ref-type="fig"}, *P* \< 0.05). Compared with control, neither 10 mM nor 20 mM leucine culture could statistically change the expression of those proteins described above in INS-1 cells ([Fig. 4C](#fig04){ref-type="fig"}, *P* \> 0.05) and RIN m5F cells ([Fig. 4D](#fig04){ref-type="fig"}, *P* \> 0.05). The results above were confirmed by real-time PCR ([Fig. 4E and F](#fig04){ref-type="fig"}) as well.

![The effects of elevated concentrations of leucine in β-cells. INS-1 and RIN m5F cells were treated with or without elevated concentrations of leucine (10, 20 or 40 mM) for 48 hrs. Insulin secretion (**A**) at 3 mM glucose (□) and 27.8 mM glucose (▪) in INS-1 cells and intracellular insulin content in INS-1 (**B**) and RIN m5F cells (**B**) were determined by radioimmunoassay. The values were adjusted by the intracellular protein content. The protein expression of p-AMPK, PDX-1, GCK and GLUT2 in INS-1 cells (**C**) and RIN m5F cells (**D**) was detected by Western blotting. The mRNA expression of PDX-1, GCK and GLUT2 in INS-1 cells (**E**) and RIN m5F cells (**F**) was tested using real-time PCR. The data are the means **±** S.D. The results were based from at least three separate experiments. \*, \#, X and &, *P***\<** 0.05, *versus* the corresponding control group.](jcmm0013-0758-f4){#fig04}

Leucine cytotoxicity detection on pancreatic β-cell lines
---------------------------------------------------------

In order to further testify that 40 mM leucine was appropriate for the experiment research, INS-1, RIN m5F, DN-PDX-1\#28 and PDX-1\#6 cells were firstly treated with or without elevated concentrations of leucine and then tested the cell viability by CCK-8 method, respectively. The results showed that in INS-1, RIN m5F, DN-PDX-1\#28 and PDX-1\#6 cells, compared with their corresponding controls, the cell viability of 10 mM leucine was 99% ([Fig. 5A](#fig05){ref-type="fig"}, *P* \> 0.05), 97% ([Fig. 5B](#fig05){ref-type="fig"}, *P* \> 0.05), 98% ([Fig. 5C](#fig05){ref-type="fig"}, *P* \> 0.05), 98% ([Fig. 5D](#fig05){ref-type="fig"}, *P* \> 0.05), the cell viability of 20 mM leucine was 98% ([Fig. 5A](#fig05){ref-type="fig"}, *P* \> 0.05), 97% ([Fig. 5B](#fig05){ref-type="fig"}, *P* \> 0.05), 98% ([Fig. 5C](#fig05){ref-type="fig"}, *P* \> 0.05), 99% ([Fig. 5D](#fig05){ref-type="fig"}, *P* \> 0.05), the cell viability of 40 mM leucine was 97% ([Fig. 5A](#fig05){ref-type="fig"}, *P* \> 0.05), 97% ([Fig. 5B](#fig05){ref-type="fig"}, *P* \> 0.05), 96% ([Fig. 5C](#fig05){ref-type="fig"}, *P* \> 0.05), 95% ([Fig. 5D](#fig05){ref-type="fig"}, *P* \> 0.05). The results testified that neither 10, nor 20 nor 40 mM leucine had cytotoxicity on pancreatic β-cell lines.

![Leucine cytotoxicity detection on pancreatic β-cell lines. INS-1, RIN m5F, DN-PDX-1\#28 and PDX-1\#6 cells were treated with or without elevated concentrations of leucine (10 mM, 20 mM, 40 mM) for 48 hrs. Then, the cell viability in INS-1 (**A**), RIN m5F (**B**), DN-PDX-1\#28 (**C**) and PDX-1\#6 cells (**D**) was evaluated using CCK-8. The data are the means **±** S.D. All the results were collected from at least three separate experiments.](jcmm0013-0758-f5){#fig05}

The effects of AICAR or compound C in INS-1 and RIN m5F cells with chronic leucine treatment
--------------------------------------------------------------------------------------------

INS-1 and RIN m5F cells were incubated in RPMI 1640 media supplemented with or without 40 mM leucine, in the presence or absence of AICAR or compound C for 48 hrs. In INS-1 and RIN m5F cells, either leucine alone, AICAR alone or compound C alone treatment induced the same results as the data from [Figs. 1](#fig01){ref-type="fig"} and [4](#fig04){ref-type="fig"}. Moreover, in comparison with leucine treatment, leucine plus AICAR co-treatment diminished high glucose-induced insulin secretion by 21% in INS-1 cells ([Fig. 6A1](#fig06){ref-type="fig"}, *P* \< 0.05) and intracellular insulin content by 23% in INS-1 cells ([Fig. 6A2](#fig06){ref-type="fig"}, *P* \< 0.05), and 26% in RIN m5F cells ([Fig. 6B](#fig06){ref-type="fig"}, *P* \< 0.05). Furthermore, the reduced insulin secretion and content caused by chronic high leucine treatment were significantly recovered by leucine plus compound C co-treatment. In contrast to leucine treatment, leucine plus compound C co-treatment increased high glucose-induced insulin secretion by 33% in INS-1 cells ([Fig. 6A1](#fig06){ref-type="fig"}, *P* \< 0.05) and intracellular insulin content by 24% in INS-1 cells ([Fig. 6A2](#fig06){ref-type="fig"}, *P* \< 0.05) and 29% in RIN m5F cells ([Fig. 6B](#fig06){ref-type="fig"}, *P* \< 0.05), respectively. Neither AICAR nor compound C produced significant difference at low glucose stimulation in comparison with control in INS-1 cells ([Fig. 6A1](#fig06){ref-type="fig"}, *P* \> 0.05).

![The effects of AICAR or compound C in INS-1 and RIN m5F cells with chronic leucine treatment. INS-1 and RIN m5F cells were incubated in RPMI 1640 media supplemented with or without 40 mM leucine, in the presence or absence 0.5 mM AICAR or 10 μ[M]{.smallcaps} compound C for 48 hrs. Insulin secretion (A1) at 3 mM glucose (□) and 27.8 mM glucose (▪) in INS-1 cells and insulin content in INS-1 (A2) and RIN m5F (**B**) cells were determined by radioim-munoassay. The values were adjusted by the intracellular protein content. The protein expression of PDX-1, GCK and GLUT2 in INS-1 cells (**C**) was tested by Western blotting. The mRNA expression of PDX-1, GCK and GLUT2 in INS-1 cells (D1) and RIN m5F cells (D2) was tested by real-time PCR. The data are the means ± S.D. All the results were collected from at least three separate experiments. \*, \# and X, *P***\<** 0.05, *versus* the corresponding control group. d, e and f, *P***\<** 0.05, *versus* leucine alone treatment group.](jcmm0013-0758-f6){#fig06}

In order to further determine whether AMPK regulated PDX-1 under chronic high leucine exposure, Western blotting and realtime PCR were performed in INS-1 and RIN m5F cells. The weak bands representing protein expression of PDX-1, GCK and GLUT2, respectively, appeared in 40 mM leucine alone and AICAR alone groups, and the weakest band occurred in 40 mM leucine plus AICAR co-treatment group compared with control ([Fig. 6C](#fig06){ref-type="fig"}, *P* \< 0.05). The reduced protein expression of PDX-1, GCK and GLUT2 induced by chronic high leucine was recovered almost to normal in leucine plus compound C co-treatment group ([Fig. 6C](#fig06){ref-type="fig"}, *P* \< 0.05). The results were confirmed by real-time PCR in both INS-1 ([Fig. 6D](#fig06){ref-type="fig"}1) and RIN m5F cells ([Fig. 6D2](#fig06){ref-type="fig"}).

The effects of leucine in DN-PDX-1\#28 and PDX-1\#6 β-cells
-----------------------------------------------------------

To further prove that the PDX-1 plays an important role in impaired insulin secretion and content induced by chronic leucine, DN-PDX-1\#28 and PDX-1\#6 cells were treated with or without 500 ng/ml doxycycline, in the presence or absence of 40 mM leucine for 48 hrs. In DN-PDX-1\#28 cells, in comparison with control, leucine alone treatment and doxycycline alone treatment diminished high glucose-induced insulin secretion by 36% and 84% ([Fig. 7A1](#fig07){ref-type="fig"}, *P* \< 0.05), decreased intracellular insulin content by 23% and 62% ([Fig.7A2](#fig07){ref-type="fig"}, *P* \< 0.05), respectively. In comparison with leucine treatment alone group, doxycycline plus leucine treatment decreased high glucose-induced insulin secretion by 67% ([Fig. 7A1](#fig07){ref-type="fig"}, *P* \< 0.05) and intracellular insulin content by 44% ([Fig. 7A2](#fig07){ref-type="fig"}, *P* \< 0.05). In PDX-1\#6 cells, compared with control, leucine alone treatment diminished high glucose-induced insulin secretion by 26% ([Fig. 7C1](#fig07){ref-type="fig"}, *P* \< 0.05) and insulin content by 25% ([Fig. 7C2](#fig07){ref-type="fig"}, *P* \< 0.05), doxycycline alone treatment increased high glucose-induced insulin secretion by 20% ([Fig. 7C1](#fig07){ref-type="fig"}, *P* \< 0.05) and insulin content by 21% ([Fig. 7C2](#fig07){ref-type="fig"}, *P* \< 0.05). However, relative to leucine alone treatment, doxycycline plus leucine treatment significantly increased GSIS by 36% ([Fig. 7C1](#fig07){ref-type="fig"}, *P* \< 0.05) and insulin content by 21% ([Fig. 7C2](#fig07){ref-type="fig"}, *P* \< 0.05). The results were confirmed by real-time in DN-PDX-1\#28 cells ([Fig. 7B](#fig07){ref-type="fig"}) and PDX-1\#6 cells ([Fig. 7D](#fig07){ref-type="fig"}) as well.

![The effects of leucine in DN-PDX-1\#28 and PDX-1\#6 β-cells. DN-PDX-1\#28 and PDX-1\#6 cells were treated with or without 500 ng/ml doxycycline, in the presence or absence of 40 mM leucine for 48 hrs. Insulin secretion at 3 mM glucose (□) and 27.8 mM glucose (▪) and intracellular insulin content in DN-PDX-1\#28 (**A**) and PDX-1\#6 cells (**C**) were determined by radioim-munoassay. The values were adjusted for the intracellular total protein content. The mRNA expression of PDX-1, GCK and GLUT2 in DN-PDX-1\#28 (**B**) and PDX-1\#6 cells (**D**) was detected by realtime PCR. The data are the means **±** S.D. All the results were collected from at least three separate experiments. \*\# and X, *P***\<** 0.05, *versus* the corresponding control group. d, e and f, *P***\<** 0.05, *versus* leucine alone treatment group.](jcmm0013-0758-f7){#fig07}

Discussion
==========

In the present study, we found firstly that PDX-1, which activated GCK and GLUT2, was a possible target for AMPK action in INS-1 and RIN m5F cells. AMPK activation induced by AICAR, a AMPK agonist, might result in decreased intracellular insulin content in β-cells; as a result, high glucose-induced insulin secretion decreased. We also demonstrated that AICAR enhanced chronic high leucine-induced reduction of insulin secretion and content by down-regulating PDX-1, GCK and GLUT2 expression. Finally, we reconfirmed our results in both DN-PDX-1\#28 and PDX-1\#6 cells that the inhibition of PDX-1 could potentiate the impaired effects induced by leucine and overexpression of PDX-1 could protect the cell from impairment induced by leucine.

We did not use pancreatic islets because we encountered many difficulties, including the preparation of large numbers of viable islets and cellular heterogeneity as in the previous reports \[[@b34]\]. In addition, our aim in the present study focused on effects of leucine on the β-cells. Thus, we chose INS-1 and RIN m5F cells used for the experiment. Though the cell lines cannot own all the features of mature islets, their usage can avoid disadvantages of isolated primary β-cells, such as potential alterations during the isolation procedure \[[@b39]\] and also has its special characters. INS-1 cells are a stable and highly differentiated rat insulinoma cell line which maintains β-cell characteristics, such as glucose responsiveness, and has been used as a model for β-cell function \[[@b40]\]. RIN m5F cells can also secrete detectable amounts of insulin \[[@b34]\]. Moreover, the two cell lines maintain a stable balance of insulin secretion under physiological condition \[[@b44]\]. Furthermore, the responsiveness of the cell lines is almost equal to that of islet and they can be kept with fuction in culture media for cumulative periods \[[@b34]\]. Insulin content is contributed to by varying rates of proinsulin synthesis and processing, insulin secretion and intracellular insulin degradation. Under normal circumstances, in primary β-cells, insulin content stays constant. Either leucine or AICAR has been reported to be able to affect insulin secretion and insulin content \[[@b1]\], which were partially in agreement with our results.

The present study reports the role of AMPK activation on insulin secretion and intracellular insulin content; moreover, it proposes that AMPK regulates GCK and GLUT2 under relative physiological condition. Recently, a number of studies have reported that AMPK activation exerts inhibitory effects on insulin secretion and content *in vitro* and *in vivo*\[[@b18]\]. Consistent with the reports, our data showed that AMPK activation by AICAR significantly suppressed high glucose-induced insulin secretion and insulin content in both INS-1 and RIN m5F cells. To date, the regulatory relationship between AMPK and GCK or GLUT2 has not been confirmed, although a few reports have suggested its existence. Kim *et al.* found that there existed a regulatory effect of AMPK on GCK and GLUT2 expression under high glucose concentration \[[@b18]\]. In agreement with the observation, our results predominantly revealed that AMPK played a potent role in the down-regulation of GCK and GLUT2 as well. Our results were different from the work of Kim *et al.*, which also examined the effects of AICAR on insulin gene expression and notably found no effect on PDX-1 expression in those cells \[[@b48]\]. The main reason might be due to different treatment conditions, such as AICAR concentration, treatment time and different culture condition. With regard to the AICAR concentration, we used 0.5 mM whereas Kim *et al.* used 0.4 mM. Most of the papers used 0.5 or 1 mM \[[@b8]\]. Firstly, we tested 0.5 and 1 mM AICAR -- there was no difference between them (both AICAR at 0.5 and 1 mM levels could change PDX-1 expression); therefore, we used 0.5 mM AICAR. Moreover, we cultured cells with AICAR for 48 hrs whereas Kim *et al.* cultured cells with AICAR for 12 hrs. Furthermore, the glucose concentration was different. We cultured cells with 11.1 mM glucose whereas Kim cultured cells with low glucose and glucolipotoxic condition.

Therefore, these differences might be the reasons that we obtained different results.

The creative finding in the present study is that it demonstrates firstly that AMPK regulates GCK and GLUT2 *via* PDX-1 under relative physiological environment. Previous studies reported that PDX-1 regulated pancreatic β-cell specific gene expression including GLUT2 and GCK \[[@b26]\]. In DN-PDX-1\#28 cells, we found that PDX-1 positively regulated GCK and GLUT2, which were in accordance with the reports from the previous studies \[[@b33]\]. In addition, we observed that neither AICAR nor compound C could change GCK or GLUT2 protein and mRNA expression when PDX-1 expression was absent. Similarly, neither AICAR nor compound C could change insulin secretion and content at the absence of PDX-1. The results powerfully testified that PDX-1 was an essential mediate agent in the process of AMPK regulating GCK and GLUT2 under physiological conditions. Collectively, based on the present data, we obtained the preliminary conclusion that AMPK activation induced GCK and GLUT2 down-regulation by decreasing PDX-1 protein expression.

Then, we tested whether chronic leucine exposure affected insulin secretion and content associated with the regulation described above. With regard to the effects of leucine on insulin secretion and content, the related reports were quite contradictory. Yang *et al.* reported that 10 mM leucine was able to stimulate GSIS \[[@b1]\]. However, Anello and his colleagues reported that leucine decreased GSIS in a dose-dependent manner, 20 mM leucine significantly reduced GSIS \[[@b3]\]. From these present reports, we could not get the exact leucine concentration for our study. Therefore, we redesigned our experiment to investigate the effects of elevated concentrations of leucine on insulin secretion and content. Our studies showed that 48 hrs incubation with increasing concentrations of leucine decreased high glucose-induced insulin secretion and content in a dose-dependent manner, and the difference was most significant at 40 mM leucine. The results were partially in agreement with the reports from Anello and his colleagues. The disparity appeared to be derived from different experimental conditions, such as the category of cells, duration of exposure to leucine.

Bolea *et al.* reported in their paper that the plasma concentrations of leucine in fed mice was less than 1mM \[[@b49]\], quite different from the high amounts of leucine used in our studies. In order to testify that 40 mM leucine affecting pancreatic β-cells was corr elated with changes of AMPK, PDX-1, GCK and GLUT2, not with cell apoptosis or cell death, we supplemented CCK-8 assay experiment. The results showed that 40 mM leucine did not significantly inhibit cell viability compared with corresponding controls in four pancreatic β-cell lines. Furthermore, we also found some other papers using 40 mM leucine for study research \[[@b50]\]. We understand that data with high leucine concentrations have limited physiological significance. However it can alter the pancreatic β-cell function and it may help us to dissect the signalling pathway of gene regulations in the β-cells, such as GCK and PDX-1. These genes play important roles in β-cell functions and in the development of diabetes. Bolea *et al.* aimed to study the acute effect of physiological amino acids on pancreatic β-cells; therefore, they used leucine at the concentration found in the plasma of fed mice. We aimed to study the chronic high leucine on pancreatic β-cells; therefore, according to the papers focusing on the effect of leucine on pancreatic β-cells as well as our results, we used 40 mM leucine for our study. Bolea *et al.* and us explored different leucine concentrations probably due to different aims.

With regard to the probable mechanism by which leucine affected insulin secretion and content, we speculated that it was related to AMPK, PDX-1, GCK and GLUT2 expression changes. AMPK activation was reported to be negative with insulin secretion and content \[[@b14]\]. In the present study, our investigation showed that 40 mM leucine significantly enhanced p-AMPK protein expression. PDX-1, GCK and GLUT2 were reported to be positively correlated with insulin secretion by different mechanisms \[[@b1]\]. Our results indicated that 40 mM leucine diminished PDX-1, GCK and GLUT2 protein expression. The results were able to address the decreased insulin secretion and content induced by chronic leucine treatment, which might be due to increased AMPK protein expression or decreased PDX-1, GCK and GLUT2 protein expression. However, this cannot exclude other factors that might result in the reduction of insulin secretion and content.

Based on the data above, we reached the preliminary conclusion that chronic leucine culture impaired insulin secretion and content, suggesting the probable correlation with its effect activating AMPK and inhibiting PDX-1, GCK and GLUT2 protein expression; furthermore, we also obtained the regulatory effect of AMPK on GCK or GLUT2 *via* PDX-1 under relative physiological conditions. However, whether the regulation also existed equally under leucine-induced pathophysiological conditions, was still unknown. Our results revealed that chronic high leucine treatment or AICAR treatment reduced PDX-1, GCK and GLUT2 protein expression, and their protein expression was strongly abrogated by leucine plus AICAR co-treatment in INS-1 cells. Furthermore, the reduced protein expression caused by leucine alone treatment could be rescued by leucine plus compound C co-treatment in INS-1 cells. The results were also confirmed by insulin secretion, insulin content and real-time PCR in both INS-1 cells and RIN m5F cells.

Collectively, the results above presented that optimal level of AMPK activation was able to decrease GSIS and insulin content under high leucine exposure by regulating PDX-1, GCK and GLUT2 protein and mRNA expression. Thus, to further prove that the decrease of PDX-l plays a key role in impaired GSIS and insulin content induced by chronic leucine treatment, we reconfirmed our results with DN-PDX-1\#28 and PDX-1\#6 cells. The results showed that the inhibition of PDX-1 could potentiate the impaired effects induced by leucine and overexpression of PDX-1 could protect the cell from impairment induced by leucine. However, up to now, the question remains unclear whether the influence of chronic leucine exposure on AMPK and the regulation of AMPK on PDX-1 are direct or indirect. More research should be done to study the correlated association. Furthermore, we should investigate whether leucine needs to be metabolized for its effect. To solve the question, leucine should be compared with the non-metabolized leucine analogue 2-amino-2-norbornane-carboxylic acid to address this question.

At present, the environmental factors are deemed as the main causes of diabetes \[[@b53]\]. Recently, much light has been shed on the effects and mechanisms of glucose and lipid on pancreatic β-cells; fewer studies are on the effects and mechanisms of amino acids, the third class of nutrient insulin secretagogues. Our studies show that leucine impairs pancreatic β-cells which are associated with AMPK, PDX-1, GCK and GLUT2 changes. These findings might have potential clinical implications in preventing type 2 diabetes. In addition, clinically, some patients with liver damage often received branched chain amino acids (BCAAs) treatment; however, the exact concentration and its effects on pancreatic β-cells are not clear. Therefore, the study might give a hint in supplementing the exact concentration BCAAs to patients as well.

In conclusion, the current study indicated that chronic leucine might result in an increase in AMPK expression and then a decrease in PDX-1 level, in turn to depress the activity of GCK and GLUT2; as a result, high glucose-induced insulin secretion and intracellular content decreased. We speculated that this might be one of the mechanisms of impaired GSIS and insulin content induced by chronic leucine treatment.
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